Sensitivity analysis can provide useful insights into how a model responds to the variations in its parameter values (i.e. coefficients). The results can be very helpful for model calibration, refinement and application. A one-dimensional model has been set up to simulate the hydrothermal and water quality conditions of Cannonsville Reservoir, which provides water supply for New York City. This paper aims at identifying the most influential parameters in the model through sensitivity analysis. 
INTRODUCTION
Water quality models are usually developed to simulate a large number of variables, such as water temperature, dis- 'one factor at a time' (OAT) method, in which only one input factor is modified between two successive runs of the model, it may cover the whole range of input factors in successive runs, i.e. the input factors are varied over their possible ranges. In this sense, the method can be regarded as global (Saltelli et al. ) . This method has been used in several fields, such as water quality modeling (Huang & Liu ) , watershed modeling (Francos et al. ) , climate change prediction (Campolongo & Braddock ) and laboratory ground water flow and solute transport modeling (Larsbo & Jarvis ) .
In this paper sensitivity analysis is applied to a onedimensional model which was set up to simulate the hydrothermal and water quality conditions of Cannonsville Reservoir, which is located in New York State and is part of the New York City water supply. The model is being applied to the evaluation of the effects of climate change and human activities on the hydrothermal structure and water quality of the reservoir. The main purpose of this study is to identify the sensitive parameters in the model. First of all, the Morris method is used to identify the sensitive parameters affecting the simulations of four output variables including temperature, DO, total phosphorus (TP) and chlorophyll a (Chla). Secondly, the method is enhanced to find the overall sensitivity of the parameters in the simulations of the above-mentioned variables as a whole. The sensitive parameters are the ones to which most of the calibration efforts should be directed. storm water and septic system infrastructure improvement has greatly reduced these problems in recent times.
HYDROTHERMAL AND WATER QUALITY MODEL

Model configuration
To set up the one-dimensional model to simulate the hydrothermal and water quality conditions, the reservoir is discretized into 35 vertical layers with the average thickness of 1.5 m per layer. The model inputs include daily meteorological data (air temperature, dew-point temperature, wind speed and solar radiation) and other data related to the water balance (water elevation, discharge, dam spill and aqueduct outflow).
In addition, the following time series input data (which are generated by a separate watershed model) are also input for the model: (1) streamflow, (2) dissolved phosphorus and nitrogen from non-point and point sources, (3) particulate phosphorus from non-point and point sources, (4) dissolved organic carbon from non-point sources, (5) total suspended solids (TSS), (6) silicon load and (7) inflow temperature. 
where d(x i ) represents the elementary effect of parameter x i on the model output. In the case that a water quality model outputs simulated values at several locations in a water body for a number of time points, the elementary effect of the ith component of x on the output can be calculated using the following equation:
where M represents the total number of simulated values at all locations and time points; y k (x) is the kth output.
A five-level grid in a two-dimensional input space (N ¼ 2) is provided as an example to demonstrate how elementary effects are calculated (see Figure 2) . To evaluate the elementary effect of x 1 between A and B on the output, the outputs at points A and B need to be evaluated. In the same way, to evaluate the elementary effect of x 2 between C and D on the output, the outputs at points C and D need also to be 
, is obtained by increasing one component of x* by Δ. The second sampling point is generated from x* with the property that it differs from x (1) in its ith component that has been either increased or decreased by
, is generated from the base value x* with the property that x (3) differs from x (2) for only one component j, for any j ≠ i. The sampling method proceeds producing a succession of (N þ 1) sampling points
, …, x
, with the key property that two consecutive points differ from each other in only one component.
These sampling points define what is called a trajectory in
the input space. In this sampling method, any component of the base vector x* has been selected at least once to be increased or decreased by Δ in order to calculate one elementary effect for each factor.
In this sampling method, the total computational effort required for obtaining R elementary effects for each of N parameters is (N þ 1)R model runs. Although a characteristic of this sampling method is that the points belonging to the same trajectory are not independent, the R elementary effects for each parameter are from different trajectories and are independent. The mean of elementary effects for parameter x i can be calculated by: 
where σ(x i ) represents the standard deviation of d j (x i ). each other out. Thus, the measure is not reliable for ranking factors in order of sensitivity. To overcome this drawback, the absolute mean effect across R runs can be used, which is calculated by: 
where c is the concentration of DO in the vessel (mg/L); c s is the saturated concentration of DO in the vessel (mg/L); k d is the effective deoxygenation rate (T À1 ); L 0 is the initial dissolved and particulate carbonaceous biochemical oxygen demand (CBOD) concentrations (mg/L); k r is the overall loss rate of CBOD from the water column due to both settling and oxidation of soluble BOD; and t is time (T ).
Equation (6) can be taken as a model with two parameters and one output: ameter values were calculated using Equation (6) as
The element effects of k d and k r were calculated
.5 mg/L, and Although the method relies on a sensitivity measure, 
Enhanced Morris method
The Morris method is enhanced to evaluate the overall sensitivity of model output to the combined affects of multiple parameters as follows:
By adding a subscript to indicate the variable, the elementary effect in Equation (2) can be rewritten as the following equation:
where d s (x i ) represents the elementary effect of the ith component of x on the model output of the sth variable; y sk (x) is the kth output of the sth variable, where s ¼ 1, …, V and V is the total number of variables on which the overall sensitivity of the model output to the parameter are to be investigated.
The elementary effect, d s (x i ), in Equation (7) 
where e s (x i ) is the normalized elementary effect of parameter x i on the model output of the sth variable.
The overall elementary effect can then be calculated by:
where w s is the weight of the sth elementary effect on the overall elementary effect and the sum of weights is equal can be calculated by:
where μ a (x i ) represents the mean of e j (x i ).
The mean of R absolute overall elementary effects of parameter x i can be calculated by:
where μ a * represents the absolute mean of e j (x i ).
The standard deviation of the overall elementary effects for parameter x i is given by:
where σ a (x i ) represents the standard deviation of e j (x i ). 
Dissolved oxygen (DO)
The Morris sensitivity measures μ * and σ of the 52 model parameters in the simulation of DO are plotted in Figure 5 .
For the epilimnion, it can be observed in Figure 5 Total phosphorus (TP) Figure 6 presents the sensitivity measures μ* and σ for the 52 parameters in the simulation of TP. It can be observed in the epilimnion layer (Figure 6(a) ) that the parameters can be divided into four groups. The first group consists Table 1, where, in total, 18 parameters are found to be sensitive in the simulations of the above variables. They therefore become the focus in model calibration.
It is worth mentioning that the Morris method is able to provide the mean absolute elementary effect and the standard deviation of elementary effects for model parameters, but there are no strict criteria for selecting the sensitive parameters.
Their selection is somewhat subjective. In addition, the appropriate ranges (i.e. lower and upper bounds) of parameters are important to the results. A narrow range of a parameter may result in a small effect, while a wide range may enlarge its effect. Therefore, the lower and upper bounds of parameters must be determined carefully. The literature, in particular the documents describing the model, may be helpful.
Sensitive parameters by enhanced Morris method
The enhanced Morris method is used to investigate the sensi- the most sensitive parameters in the simulation of temp, DO, TP and Chla. In addition, by comparing the parameters in Figure 8 and 
SUMMARY AND CONCLUSION
In this study, the original and enhanced Morris methods 
